Seaweeds have been receiving increasing attention as a promising natural source of antioxidants. The present study aimed at evaluating seasonal variations in the antioxidant content and activity of the sugar kelp, Saccharina latissima, cultivated at two sites in Denmark from May 2013 to May 2014. The extraction performance of two solvents, methanol and ethyl acetate, was compared, with methanol extracts resulting generally in higher total phenolic content (TPC), total flavonoid content (TFC), and total antioxidant capacity (TAC), all determined spectrophotometrically. Phenolic compounds (phloroglucinol, phenolic acids, and flavonoids) were evaluated by HPLC-DAD. TPC was higher in November and January (1. ). Statistical analysis revealed a strong positive correlation between TPC and TAC; additionally, TPC and TFC contributed positively for the radical scavenging activity. There was no significant difference for all the analyzed variables between cultivation sites. This study reveals marked seasonal variations, and high biological variability (difference among replicates) in the antioxidant content of S. latissima, and substantially lower antioxidant capacity compared to other species such as Fucus sp., which needs to be taken into account when considering seaweed as a commercial source of antioxidants.
Introduction
Seaweeds have been used as a valuable food source in Asian countries since ancient times, while in Europe they constitute a largely unexploited resource, used mainly as raw material for the phycocolloid industry (Arasaki and Arasaki 1983; Bixler and Porse 2011; Mouritsen 2013) . With a global seaweed aquaculture production of 30 million tonnes in 2015 (FAO 2018) , seaweeds are regarded as a valuable source of vitamins, minerals, polyunsaturated fatty acids, protein, and dietary fibers (Holdt and Kraan 2011; Tabarsa et al. 2012) . Lately, seaweeds have been receiving increasing attention in the Western world as a source of bioactive compounds including specific polysaccharides, proteins, lipids, and polyphenols which have reported anti-viral, anti-tumor, anti-inflammatory, and anti-lipidemic activities among many others (Holdt and Kraan 2011; Pal et al. 2014) . Particularly, antioxidants have been linked to disease risk reduction and health promotion, due to their ability to attenuate oxidative stress in the body (Shahidi et al. 2012) . Antioxidants can also be used to prevent lipid oxidation in lipid-rich or lipid-enriched (fortified) products such as foods and cosmetics, and thus increase their shelf-life. Moreover, seaweed extracts have shown to reduce oxidation in fish oil-enriched emulsion systems (Farvin and Jacobsen 2015; Hermund et al. 2015; Karadağ et al. 2017; Poyato et al. 2017) . While synthetic antioxidants have been widely used in food preservation, their use is currently restricted due to safety concerns (Wattenberg 1986; Sherwin 1990) . In this context, there is a great need for natural antioxidant sources with potential to be used as ingredients in the development of new functional foods, cosmetics, and pharmaceuticals. The bioactive substances with antioxidant activity found in seaweeds include phenolic compounds, α-tocopherol (vitamin E), ascorbic acid (vitamin C), carotenoids such as fucoxanthin and β-carotene, and phycobiliproteins (Rodríguez-Bernaldo de Quirós et al. 2010) .
Phlorotannins are a subgroup of polyphenolic compounds formed entirely by polymerization of phloroglucinol (Koivikko et al. 2005; Singh and Sidana 2013) . Phlorotannins have been isolated for several brown seaweed species belonging to Fucaceae, Alariaceae, Sargassaceae, Cystoseiraceae, Laminariaceae, and Ishigeaeceae, and while their concentration is generally above 2%, in some cases it can account for up to 25-30% of dry algal biomass (Singh and Sidana 2013) . Reported biological activities of phlorotannins include antioxidant, anti-inflammatory, anti-diabetic, anti-HIV, anti-cancer, and enzyme inhibitory activities (Singh and Sidana 2013; Jacobsen et al. 2018) .
Flavonoids are another subgroup of phenolic compounds functioning as UV screen in higher plants, among many other important functions (Rozema et al. 2002) , which until recently had only been found in terrestrial plants. Nevertheless, flavonoids have recently been structurally identified in microalgae and seaweeds. Klejdus et al. (2010) detected the presence of isoflavones, a class of isoflavonoids, in brown (Undaria pinnatifida, Sargassum muticum, and Sargassum vulgare) and red seaweed species (Hypnea spinella, Halopytis incurvus, Chondrus crispus and Porphyra sp.) using UHPLC-MS/MS. The same methodology was later used by Goiris et al. (2014) to identify different classes of flavonoids in microalgae. Additionally, Rodríguez-Bernaldo de Quirós et al. (2010) identified catechins (flavanols, a class of flavonoids) in red (Palmaria palmata and Porphyra spp.) and brown seaweeds (Laminaria ochroleuca and Himanthalia elongata) confirmed by HPLC-MS.
Saccharina latissima is a North Atlantic kelp species which has been successfully cultivated both in land-based and openwater aquaculture, as monoculture and in integrated multitrophic aquaculture (IMTA; e.g., Peteiro and Freire 2013; Handå et al. 2013; Marinho et al. 2015c; Azevedo et al. 2016) . It contains significant levels of total polyphenols and presents fucoxanthin as major carotenoid (Haugan and Liaaen-Jensen 1994; Rodríguez-Bernaldo de Quirós et al. 2010) . Other brown seaweed species such as the fucoid Fucus vesiculosus have shown higher content of phenolic compounds and thereby antioxidant capacity than S. latissima. However, the well-established cultivation techniques and relatively high content of antioxidant compounds make S. latissima potentially a sustainable natural source of antioxidants .
Seaweeds present marked seasonal variations in their composition of, e.g., proteins and lipids, (e.g., Marinho et al. 2015a, b) which may also be the case for antioxidants and this needs to be taken into consideration when evaluating their potential as a source of antioxidant compounds and their antioxidant capacity. A seasonal pattern in the concentration of pigments, with generally lower concentrations in summer and higher concentrations in winter, has been reported for a number of seaweed species and linked to changes in light availability and nutrient concentrations in the seawater (Stengel and Dring 1998; Schmid et al. 2017) . Increased fucoxanthin content is usually associated with increased lightharvesting efficiency, an adaptation to low-light conditions such as depth or self-shading (Ramus et al. 1977; Fortes and Lüning 1980) . Fucoxanthin plays a light-harvesting role but it also likely has a photoprotective function in the seaweed (Fariman et al. 2016) . The lipid-soluble carotenoid fucoxanthin, mainly found in the brown seaweed, could be of commercial interest, not only for the antioxidant capacity but also due to other bioactive effects such as anti-obesity, anti-cancer, and UV-B protective effect (Holdt and Kraan 2011) .
Similarly, seasonal changes in the content of polyphenols have been reported to be impacted by irradiance levels, but also temperature, nutrient availability, precipitation, and salinity (Kamiya et al. 2010; Mannino et al. 2014; Fariman et al. 2016) . Moreover, biotic factors such as grazing pressure, reproductive state, and stage within the life cycle have been correlated with changes in the polyphenols content (Steinberg 1995; Stiger et al. 2004 ). More specifically and also in relation to our study, Yates and Peckol (1993) found that the polyphenolic concentrations of Fucus vesiculosus were higher (and up to twice as high) in populations from a low-nitrogen site compared to those from a high-nitrogen site (where also the tissue-N content was higher). Cultivating seaweed near a nutrient source (e.g., IMTA) could in that respect possibly change the phenolic content of the seaweed, and thereby also the antioxidant capacity of the biomass.
The present study aimed to (1) evaluate seasonal changes in the content of total phenolics, total flavonoids, and pigments, and the subsequent antioxidant capacity, based on standard assays, of S. latissima cultivated in IMTA and at a reference site; (2) tentatively detect selected phenolic acids and flavonoids by HPLC-DAD; and (3) compare the extraction performance of two different solvents, methanol and ethyl acetate, based on the recovery of the target antioxidant compounds. Finally, the future perspectives of using S. latissima as potential source of antioxidant are discussed and compared to other sources such as microalgae and higher plants.
Materials and methods

Chemicals
Sulfuric acid, Folin-Ciocalteu reagent, and aluminum chloride were from Merck (Germany); ammonium molybdate, potassium acetate, DPPH (2,2-diphenyl-1-picrylhydrazyl), and sodium phosphate were from Sigma (Germany).
Gallic acid, rutin, and BHT (butylated hydroxytoluene) used as antioxidant standards were from Sigma-Aldrich (Germany). Likewise, additional standards used for the analysis of phenolic compounds including phenolic acids (caffeic, protocatechuic, gentisic, hydroxybenzoic, chlorogenic, syringic, salicylic, coumaric, and ferulic acids), flavonoids (catechol, quercitrin, morin, hesperidin, myricetin, catechin, quercetin, and naringenin), and phloroglucinol were from Sigma-Aldrich. Standards for pigment analysis were from DHI (Hørsholm, Denmark). All solvents applied were of HPLC grade and from VWR International (Søborg, Denmark). Phosphoric acid and tetrabutylammonium acetate were from Merck and Sigma-Aldrich, respectively. HPLC grade water was prepared using a Milli-Q Advantage A10 water deionizing system from Millipore Corporation (USA).
Experimental design, sampling, and sample preparation 6.824′ E) was located at approximately 2 km away from the IMTA, and therefore not impacted by nutrient derived from the production of fish and mussels (remineralization Marinho et al. (2015c) . The cultivated biomass was sampled bimonthly in triplicates (each replicate consisting of at least 10 individual seaweeds randomly selected from each dropper; vertical cultivation line), except in May 2013 (n = 2). Samples were freezedried, ground to fine powder using a Siebtechnik Screening disc mill TS 250, and hereafter stored at − 80°C until further analyses. Bimonthly analyses were performed for most of the chemical composition (Marinho et al. 2015a, b, c) , and samples covering different seasons were chosen for the antioxidant analyses performed in the present study (May 2013 , September 2013 , November 2013 , January 2014 , and May 2014 .
Dry matter (DM) was determined after drying the biomass in an oven at 105°C until constant weight. Prior to the analysis, bioactive compounds, i.e., phenolics, flavonoids, and pigments, were extracted with solvent from the freezedried seaweed samples. Methanol and ethyl acetate were tested for the extraction of bioactive compounds from the REF samples for total phenolic content (TPC), total flavonoid content (TFC), and total antioxidant capacity (TAC) assays. Based on the extraction performance, methanol was selected and used in the subsequent extractions.
Extractions of antioxidants
The extraction was performed according to Safafar et al. (2015) , however, with some modifications. Briefly, dried powder of seaweed (0.2 g) was weighed into centrifuge tubes, 5 mL solvent (either methanol or ethyl acetate) was added, and the tubes were placed in a sonicator for 30 min. Thereafter, the samples were centrifuged (2164 xg for 10 min) and supernatant was collected in a new tube. The pellets were resuspended and extractions repeated twice. The solvent was evaporated under nitrogen flow. When the extracts were completely dried, they were stored in the freezer (− 18°C). Prior to the analyses, the dried powders were dissolved in 1 mL solvent (either methanol or ethyl acetate). One extraction was performed for each of the three sampling replicates for all sampling points (except REF in May 2013, n = 2).
Total antioxidant capacity
This method was performed according to Prieto et al. (1999) . Extracts (100 μL) were mixed with 1 mL TAC reagent solution (0.6 M sulfuric acid, 28 mM sodium phosphate, and 4 mM ammonium molybdate). The samples were then left in a water bath (95°C, 90 min). Thereafter, the samples were cooled to room temperature and then the absorbance was measured at 695 nm. Sample blank (only solvent without sample) was included. Gallic acid was used as standard and the measured absorbance was converted to gallic acid equivalents from a calibration curve with gallic acid. For the calibration curve, gallic acid was dissolved in the same solvent as the extracts (either methanol or ethyl acetate) in the concentration range from 10 to 100 μg mL 
Total phenolic content
Extracts (100 μL) were mixed with Folin-Ciocalteu's reagent (0.75 mL, ratio 1:10). The mixture was left for 5 min at room temperature. Thereafter, 6% sodium carbonate (0.75 mL) was added. The samples were placed in the dark for 90 min at room temperature, and the absorbance was measured at 725 nm (Singleton and Rossi 1965; Farvin and Jacobsen 2013) . Sample blank (only solvent without sample) was included. Gallic acid was used as standard, and the measured absorbance was converted to gallic acid equivalents from a calibration curve with gallic acid. For the calibration curve, gallic acid was dissolved in the same solvent as the extracts (either methanol or ethyl acetate) in the concentration range from 10 to 100 μg mL −1 .
Total flavonoid content
This method was performed according to Safafar et al. (2015) . Extracts (100 μL) were mixed with 10% aluminum chloride (100 μL), 1 M potassium acetate (100 μL), and distilled water (900 μL). The samples were left for 30 min (room temperature, darkness) and the absorbance was measured at 415 nm. For extracts with ethyl acetate, acetone (200 μL) was added prior to the absorbance measurements, due to the abrupt two phases that were present. Sample blank (only solvent without sample) was included. Rutin was used as standard and the measured absorbance was converted to rutin equivalents from a calibration curve with rutin. For the calibration curve, rutin was dissolved in the same solvent as the extracts (either methanol or ethyl acetate) in the concentration range from 30 to 180 μg mL 
Radical scavenging activity (DPPH)
Different dilutions of the extracts (100 μL) were transferred to wells in a microplate and 0.1 mM DPPH in methanol (100 μL) was added (Farvin et al. 2014 ). The absorbance (517 nm) was measured after 30 min (room temperature, darkness) in a microplate reader (Synergy 2 BioTek, USA). Results are expressed as IC 50 , i.e., the concentration of extract needed to obtain 50% inhibition. BHT was included in the assay as a positive control since a concentration of 0.91 mM of BHT is giving approximately 70% inhibition.
Phenolic acids and flavonoids evaluated by HPLC
The extracts were filtered using 0.45-μm filters (Millipore) before analysis. Chlorophylls and carotenoids were largely removed from the extracts by adsorbing these pigments on an Oasis MCX ion exchange column (60-μm particle size, 6 mL, 150 mg sorbent, Waters, USA), in order to reduce noise (unwanted peaks) in the chromatograms. The analyses were performed by reverse-phase HPLC using an Agilent 1100 Liquid Chromatograph (Agilent Technologies, USA) equipped with a DAD (Agilent G13158). The separation was carried out on a Prodigy ODS-3 column 250 mm × 46 mm with 5-μm particle size from Phenomenex (USA). The analysis was performed in the gradient mode using phosphoric acid in deionized water (pH = 3) as mobile phase A and methanol-acetonitrile (50:50, v/v) as mobile phase B. The gradient elution program was as follows: 0 min (95% A + 5% B), 2 min (60% A + 40% B), 20 min (100% B), 35 min (95% A + 5% B). Total acquisition time was 40 min. Separation was performed at 25°C. The flow rate was set at 0.9 mL min −1 and the injection volume was 20 μL. Detection was performed at 235, 255, 280, and 320 nm. Spectral recording for identification purposes was facilitated by using a photodiode detector with a spectral range from 200 to 400 nm.
Pigments
Extraction and analysis of the pigments was by a method described by Safafar et al. (2015) . Samples were extracted by pure methanol containing BHT (butylated hydroxytoluene) in a sonication bath (Branson Ultrasonics, USA) in the dark, at a temperature lower than 5°C and for 15 min. The separation was carried out by HPLC on a Zorbax Eclipse C8 column 150 mm × 46 mm with 3.5-μm particle size from Phenomenex. The mobile phase was a mixture of solvent A (70% methanol + 30% of 0.028 M tetrabutylammonium acetate in water) and solvent B (methanol) at a flow rate of 1.1 mL min −1
. The gradient program was started with 5% of B and then increased to 95% in 27 min, kept constant for 7 min and then changed to 100% in 1 min and kept constant for 5 min. Total acquisition time was 40 min. Identification of peaks and calibration was done by individual standard for each pigment. Detection of pigments and internal standard (BHT) was done at 440 nm and 280 nm, respectively.
Data treatment
All results are presented as mean ± standard deviation, corresponding to three experimental replicates (n = 3), except in May 2013 (n = 2). Analyses were run in duplicate to evaluate analytical precision.
A permutational ANOVA (using Euclidean distances) was used to test the effect of time (random) and site (REF and IMTA; fixed) , and time and solvent (methanol and ethyl acetate; fixed) on various response parameters: TPC, TFC, and TAC assays, and concentration of fucoxanthin. Whenever a significant difference between sample means or interaction of factors was revealed by PERMANOVA (p < 0.05), a posteriori analysis (pairwise test) was performed. Pairwise comparisons were performed among levels of factors, including within individual levels of other factors in the case of a significant interaction. A one-way PERMANOVA was used to test the effect of harvest time on DPPH radical scavenging activity (PERMANOVA package in PRIMER+; Anderson et al. 2008 ; type III sum of squares and unrestricted permutation (9999) on raw data; α = 0.05).
Multiple regression and multivariate data analysis as partial least squares coefficient method were carried out using STATGRAPHICS software, version Centurion XVI (StatPoint Technologies Inc., USA).
Results
Effect of methanol and ethyl acetate extraction on TPC, TFC, and TAC (REF site)
TPC was significantly higher in S. latissima samples extracted by methanol compared with those extracted using ethyl acetate (F = 18.64, p ˂ 0.05; Fig. 1 (Fig. 2) . TAC was significantly higher in S. latissima samples extracted by methanol, regardless of the harvest time (F = 65.09, p ˂ 0.05; Fig. 3 ). TAC ranged from 2.36 to 3.84 mg GAE g Based on the results from the TPC, TFC, and TAC assays obtained using the two different solvents, methanol was selected to be used in the subsequent extractions.
Effect of season and cultivation site on the pigment concentration, antioxidant content, and activity (REF and IMTA sites)
Generally, cultivation site did not result in significant difference on the tested parameters (TPC, F = 0.002, p = 0.97; TFC, F = 1.44, p = 0.31; and TAC, F = 0.04, p = 0.86), while significant seasonal differences were identified for the TPC, TFC, and TAC assays.
TPC was higher in November and January (1.23-2.41 mg GAE g TAC was significantly higher in November (3.84-4.05 mg GAE g −1 DM), compared to September and January (2.14-2.88 mg GAE g −1 DM), but similar to May 2014 (2.63-3.27 mg GAE g −1 DM; p ˃ 0.05; Fig. 6 ).
Regarding the HPLC-DAD results, it was not possible to identify any phenolic acids, flavonoids or phloroglucinol. Unidentified peaks were detected in all seaweed samples (Fig. 7) , but their retention times and spectra did not match those of the 20 tested standard compounds (user-created library).
The pigment concentration varied during seasons; however, the profile remained unchanged, which included chlorophyll a (ranging from 170 to 655 μg g −1 DM) and fucoxanthin as dominant pigments, and with minor concentrations of other chlorophylls (c2) and other carotenoids (violaxanthin and β-carotene; Table 1 ). Fucoxanthin concentration was significantly higher in November, January, and May 2014 (261-665 μg g −1 DM) compared to that in September (222-370 μg g −1 DM; p ˂ 0.05; Fig. 8 ). No significant differences in the concentration of fucoxanthin were found between cultivation sites (F = 0.014, p = 0.92). DPPH radical scavenging activity revealed a concentration dependency and increased with increasing concentrations of algal extract (data not shown). IC 50 ranged from a minimum of 0.42 mg mL − 1 in September to a maximum of 2.81 mg mL −1 in May 2014 (Fig. 9 ). Nevertheless, difference in the DPPH radical scavenging activity between harvest times was not statistically significant (F = 2.13, p = 0.21).
Correlation between antioxidant content and activity
Effect of variations of TPC, TFC, and fucoxanthin contents as independent variables on the variation of IC 50 has been tested by a multiple least square regression model. Analysis of variance results showed weak correlation between the parameters (F = 2.82 and p = 0.12 at the 5.0% significance level). Partial least square plot showed that fucoxanthin had the main effect on the variations of IC 50 , with fucoxanthin increase leading to a reduction in anti-radical activity ( Fig. 10(a) ). On the other hand, both TPC and TFC were negatively correlated to IC 50 , suggesting that these variables had a positive effect on the radical scavenging activity, especially TPC. Moreover, the combination of TPC and fucoxanthin contents showed strong correlation with TAC as dependent variable (F = 11.67, p < 0.05). Partial least square model showed that both independent variables positively contributed to the variations in TAC, with TPC as the main contributing factor (Fig. 10(b) ).
Discussion
The results obtained for the TPC, TFC, and TAC assays were affected by the solvent applied for the extraction process. Methanol extraction resulted in higher values than ethyl acetate except for few months in the TFC assay. Our observations are most likely due to the polarity of the solvents applied (methanol is a more polar solvent than ethyl acetate) and polarity of the antioxidative compounds present in the seaweed. Several studies have been performed on the antioxidative properties of seaweed extracts, where different extraction solvents resulted in different results for the antioxidant properties and effects (Cho et al. 2007; Farvin and Jacobsen 2013; Hermund et al. 2015; Honold et al. 2016) . Koivikko et al. (2005) reported a general increase in the extraction efficiency of phenolic compounds (phlorotannins) from the brown seaweed Fucus vesiculosus with increasing solvent polarity. Furthermore, our findings are in accordance with the results reported on pomegranate fruit, where methanol extraction resulted in much higher total phenolic and total flavonoid contents than ethyl acetate. The differences observed were in that study also ascribed to the differences in the polarity of the applied solvents (Ali et al. 2014) . Generally, cultivation site did not result in significant difference on the tested variables, while significant seasonal differences were identified for the TPC, TFC, and TAC assays. Similarity in these variables between cultivation sites may be explained by the similar environmental conditions found in the two cultivation areas including water temperature, salinity, irradiance, and inorganic nitrogen and phosphorus. Moreover, the inorganic nutrients released from the fish farm at the IMTA site were considered negligible compared to the naturally occurring background concentrations of nitrogen (Marinho et al. 2015c ).
The TPC found in this study was several times higher than that previously reported for water (209 μg GAE g −1 DM) and ethanol extracts (354 μg GAE g −1 DM) of S. latissima (Farvin and Jacobsen 2013) . Likely, this difference may be related to the different polarity of the solvents applied. On the other hand, the concentrations reported here for S. latissima (0.84-2.41 mg GAE g −1 DM) are similar to those reported for L. digitata harvested monthly in a sheltered rocky shore in Brittany (France), ranging seasonally from 0.09 to 0.19% DM (using phloroglucinol as standard; Connan et al. 2004 ). Likewise, the seasonal variation on the TPC followed the pattern reported for L. digitata in the same study with the highest values found in winter and lowest values found in summer/ autumn. On the other hand, Yates and Peckol (1993) observed an opposite trend in natural populations of F. vesiculosus, where the lowest concentrations of polyphenols were found from November to February. Moreover, the authors found that the concentration of polyphenols was negatively correlated with the ambient N concentration and tissue-N content (Yates and Peckol 1993) . These results are contrary to those reported in our study, since both ambient nutrient concentrations and tissue-N content of S. latissima are highest during winter in the inner Danish waters (Marinho et al. 2015c ). The highest concentrations found for S. latissima are at least 10 times lower compared with the values reported by Connan et al. (2004) for seven species from the order Fucales. Our results further support that species belonging to the order Laminariales present substantially lower content of total phenolics compared with those belonging to the order Fucales (e.g., Fucus sp.). To our knowledge, this is the first report on TFC of S. latissima. TFC varied seasonally reaching a maximum in summer and a minimum in winter. Flavonoids are UVabsorbing compounds functioning as UV screen in terrestrial plants, among many other important functions. For instance, quercetin can be induced by UV-B and is primarily found in the epidermal cells. This role is assumed to be played by simpler UV-absorbing compounds such as mycosporine-like amino acids in the aquatic environment (Rozema et al. 2002) . Nevertheless, structural identification of flavonoids in red and brown seaweeds, and microalgae, has recently been reported, contradicting the general assumption that these compounds could be exclusively present in terrestrial plants (Klejdus et al. 2010; Rodríguez-Bernaldo de Quirós et al. 2010; Goiris et al. 2014) . TFC found in the present study (1.40-4.83 mg RE g −1 DM over all seasons) is much higher than that found in a number of brown and green seaweed species originated from the Black Sea (6.5-229 μg RE g −1 DM), and higher but comparable to the values found in brown and green et al. 2012) . Nevertheless, because of the differences in the extraction methods, solvents applied, and species tested comparisons among studies, should be carefully considered. The pigment qualitative composition did not change seasonally, whereas chlorophyll a and fucoxanthin were the dominant pigments. Fucoxanthin has been previously identified as a major pigment found in brown seaweed species (Holdt and Kraan 2011) , which may account to 79% of total carotenoids (Haugan and Liaaen-Jensen 1994) . On the other hand, the quantity of specific pigments changed seasonally, and with fucoxanthin concentrations that could be of commercial interest, varying seasonally from 222 to 665 μg g −1 DM of commercial-scale extraction of fucoxanthin from processing discards of seaweed (Saccharina japonica) has already been established, reaching a recovery ratio of 82%. Moreover, the fucoxanthin obtained was stable and reduced by only 2% after a 6-month storage at 4°C (Kanazawa et al. 2008) . Concentration of fucoxanthin found in a number of Norwegian brown seaweed species ranged from 172 to 720 μg g −1 DM (Jensen 1966) , which matches the range of values reported here for S. latissima harvested at different seasons. Our results reveal a seasonal pattern in the concentration of fucoxanthin which ranged from a summer minimum to an autumn/winter maximum. A similar seasonal pattern on the concentration of fucoxanthin was also observed in the brown seaweed Ascophyllum nodosum (Stengel and Dring 1998) . Furthermore, the increased fucoxanthin content observed during autumn/winter in this study is supported by studies showing that this increase can be a response to, i.e., shade and/or depth adaptation in order to increase lightharvesting efficiency (Ramus et al. 1977; Fortes and Lüning 1980) . This can be correlated with less irradiance and short day length observed during winter in Denmark. Seasonal changes in DPPH radical scavenging activity were not of statistical significance, which likely resulted from the high biological variability observed in the samples collected in January and May (very high standard deviation).
Nevertheless, the lowest IC 50 values, corresponding to the highest radical scavenging activity, were found in September and November, matching the period in which the maximum concentrations of TFC and TPC were found, respectively. This data suggested a possible correlation between DPPH scavenging activity and TFC and TPC. This assumption was further supported by the partial least square coefficient plot revealing that both TPC and TFC were negatively correlated with IC 50 , suggesting that these variables had a positive effect on the radical scavenging activity. These results are in accordance with previous studies, which directly correlated DPPH scavenging activity with the TPC found in the extracts both in seaweeds (e.g., Cho et al. 2007; Wang et al. 2009 Wang et al. , 2012 Hermund et al. 2015) and in plants (e.g., Ghasemzadeh et al. 2010; Ali et al. 2014) . On the other hand, the analysis revealed a strong positive correlation between fucoxanthin and IC 50 , which could suggest a negative impact of fucoxanthin in the radical scavenging activity. However, fucoxanthin has been reported to have strong radical scavenging activity in a number of studies (e.g., Sachindra et al. 2007; Peng et al. 2011; Farvin et al. 2018) . Thus, it is likely that our results are impacted by the presence of other compounds in the seaweed extracts such as specific phenolic compounds, low-molecularweight polysaccharides, proteins, or peptides which may contribute to free radical scavenging activity (Farvin and Jacobsen 2013) . Additionally, the regression analysis revealed a strong positive correlation between TPC and TAC assays. This result supports previous studies suggesting that polyphenols are a main contributing factor for TAC, which act by donating electrons and reacting with free radicals to convert them into more stable product and terminate free radical chain reaction (Jayaprakasha et al. 2003; Kasangana et al. 2015) . Using both retention times and spectral matching (DAD), it was not possible to find a positive match between the tested 20 phenolic standards and the peaks detected in the seaweed samples. It can be hypothesized that phenolic compounds may be oxidized during prolonged storage, and/or their concentrations may be below the limit of detection of the HPLC-DAD method, or the selected phenolic compounds are not present in the seaweed. On the other hand, considering that more than 8000 phenolic compounds have been identified so far (Guo et al. 2009) , it is possible that seaweed may contain other phenolic compounds than the ones evaluated in this study. In this context, there is a great need for further research to investigate the composition of phenolic compounds in seaweed, particularly using analytical methods suitable for structural identification such as NMR and/or HPLC-MS.
Conclusion
Methanol seems to be more suitable than ethyl acetate for extracting antioxidants from seaweed.
This study did not find any differences in biomass between the IMTA and the reference site, but demonstrates seasonal changes in the content of total phenolics, total flavonoids, and pigments, and the subsequent total antioxidant capacity of cultivated S. latissima, which needs to be taken into consideration when evaluating this species as a source of antioxidants. Overall, biomass harvested in November presented a combination of higher TPC, TAC, fucoxanthin, and radical scavenging activity, and thus this seems to be the prime harvest time when targeting antioxidant content and activity. TPC and TFC had a positive effect on the radical scavenging activity, especially TPC, which likewise contributed most for TAC.
Saccharina latissima had fucoxanthin as a major pigment, which may be of commercial interest due to its numerous reported bioactivities and established efficient commercialscale extraction process. Saccharina latissima is not the species with the highest antioxidant capacity, but accounting that species from the order Fucales such as Fucus sp.
are not yet in cultivation, the harvestable volumes, and thereby overall yields of antioxidants from S. latissima, may be higher and of commercial interest.
